Cell and Tissue Research (2020) 381:25-34
https://doi.org/10.1007/500441-020-03192-y

REGULAR ARTICLE

®

Check for
updates

Sensory nerve endings arising from single spinal afferent neurons
that innervate both circular muscle and myenteric ganglia in mouse
colon: colon-brain axis

Nick J. Spencer " - Melinda A. Kyloh' - Lee Travis' - Kelsi N. Dodds

Received: 26 November 2019 / Accepted: 19 February 2020 /Published online: 25 March 2020
© Springer-Verlag GmbH Germany, part of Springer Nature 2020

Abstract

There is considerable interest in understanding how contents within the gut wall (including microbiome) can activate sensory
nerve endings in the gut that project to the central nervous system. However, we have only recently begun to understand the
location and characteristics of extrinsic spinal afferent nerve endings that innervate the lower gastrointestinal (GI) tract. Our aim is
to identify the nerve endings in the mouse distal colon that arise from single spinal afferent neurons. C57BL/6 mice were
anaesthetised and single dorsal root ganglia (DRG) between lumbosacral L6—S1 were injected with dextran biotin. Mice
recovered for 7 days. Animals were then euthanized and whole colons removed, fixed and stained for calcitonin-gene-related-
peptide (CGRP). Single spinal afferent nerve axons were identified entering the distal colon that ramified along many rows of
myenteric ganglia, often giving rise to varicose nerve endings. These same axons bifurcated in the circular muscle giving rise to
4-5 groups of branching-type intramuscular endings, where each group of endings was separated by ~370 pm in the rostro-
caudal axis and projected 1.2 mm around the circumference. As spinal afferent axons bifurcated, their axons often showed
dramatic reductions in diameter. Here, we identified in the distal colon, the characteristics of nerve endings that arise from single
colorectal-projecting axons with cell bodies in DRG. These findings suggest that a population of sensory neurons in DRG can
potentially detect sensory stimuli simultaneously via different morphological types of endings that lie in both colonic smooth
muscle and myenteric ganglia.
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Introduction

There is considerable interest in understanding how sensory
stimuli from within the gastrointestinal (GI) tract are detected
and relayed to the central nervous system (i.e., brain and spi-
nal cord). The sensory nerve endings of the vagus nerve have
been well characterized in the gut (Berthoud et al. 1997;
Berthoud and Powley 1992; Harsanyiova et al. 2019;
Powley et al. 2016; Powley and Phillips 2011; Powley et al.
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2011; Ratcliffe et al. 2011; Serlin and Fox 2019). This is not
the case for spinal afferents, which provide the major, or sole
extrinsic afferent innervation to the lower GI tract and other
visceral organs (Brierley et al. 2018; Brookes et al. 2013). The
reason why spinal afferent endings have been so poorly un-
derstood is because it has been difficult to selectively label
only the spinal afferents.

It is well accepted that most sensation from the lower GI
tract is carried by spinal afferents, not vagal afferents (Brierley
et al. 2018). This knowledge is based largely on lesion exper-
iments where pain reflex responses, such as the visceromotor
response (VMR) are abolished by lesioning spinal afferents to
the lower visceral organs, such as the colon, when preserving
the vagal afferent supply (Kyloh et al. 2011; Traub 2000). In
the lower GI tract, the detection of noxious and innocuous
sensory stimuli into nerve action potentials is encoded pre-
dominantly, if not exclusively, by spinal afferent neurons,
whose cell bodies lie in dorsal root ganglia (DRG) (Gebhart
and Bielefeldt 2016; Kyloh et al. 2011; Traub 2000;
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Table1  Characteristics of intramuscular spinal afferent nerve endings in the circular muscle layer arising from single spinal afferent neurons with cell

bodies in DRG

Total projection  Total projection No. of Distance along  Projection Projection Axon No. of  Varicosity Varicosity

distance of all distance of all groups of  rostro-caudal ax- distance of distance of terminal  axon terminal  terminal

intramuscular intramuscular intramusc  is between single groups  single diameter terminals diameter — diameter

endings arising groups of endings endings  groups of of intramuscular  (pm) (major (minor

from a single- arising from a from one intramusc end-  intramuscular endings axis, in axis, in

parent axon single-parent axon axon ings arising from endings (rostro-caudal pm) pm)

(rostro-caudal ax- (circumf axis in the same axon (in (circum. axis, —axis, in pm)

is in pm) pnm) pwm) in pm)

Mean Mean Mean Mean Mean Mean Mean Mean Mean Mean

1083 1240 45 373 572 259 1.6 15 2.5 1.5

S.EM S.EM S.EM S.EM S.EM S.EM S.EM S.EM S.EM S.EM

211 241 24 72 82 59 0.03 1.4 0.05 0.03

N=6 N=6 n=17; n=17;,N=6 n=17,N=6 n=17;N=6 n=72; n=24; n=108; n=108;
N=6 N=6  N=6  N=6 N=6
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Fig. 1 Characteristics of a single spinal afferent axon that innervates the
myenteric plexus and circular muscle. a shows a single-parent axon on
the left-hand side of the image that has two major bifurcations. The box
labelled b is shown in expanded scale in panel b. Panel b shows that the
axon diameter decreases substantially (see arrow) before it branches fur-
ther into two distinct axon trajectories. The nerve ending shown in the
upper part of b lies in a myenteric ganglion. This is demonstrated at
higher magnification in Fig. 2(a). The axon indicated by the arrow in b
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was found to innervate a single myenteric ganglion and the circular mus-
cle layer. The nerve ending in box ¢ in panel a is shown in expanded scale
in panel ¢. This axon innervates the circular muscle. The nerve ending in d
of panel a is shown in expanded scale in panel d. The box labelled e in
panel a is shown in expanded scale in panel e. The major decrease in
diameter from the parent axon in e is shown as it bifurcates into a much
finer axon, which ends in the circular muscle (shown in panel d)
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Fig. 2 CGRP immunoreactivity
of nerve endings shown in Fig. 1.
a shows a varicose spinal afferent
ending in a myenteric ganglion. b
shows the CGRP-
immunoreactivity of the image in
a. ¢ superimposed image of b and
c. d shows the intramuscular
ending in the circular muscle lay-
er with varicose terminal endings.
This ending arises from a bifur-
cating axon that is shown in box b
in panel a. Panel e shows the
CGRP-immunoreactivity of the
image in d. f shows the
superimposed image of d and e.
The arrows indicate this nerve
ending is CGRP-immunoreactive
and hence, peptidergic

Anterograde

Zagorodnyuk et al. 2011). Although it is well known that the
cell bodies of spinal afferents reside in DRG, understanding
where the nerve endings of spinal afferent innervate has been
much more challenging. This is because unlike vagal sensory
ganglia, DRG are difficult to expose as a survival surgery.
Only recently has a survival surgery technique been devel-
oped to selectively identify the nerve endings of spinal affer-
ents in visceral organs (Kyloh and Spencer 2014; Spencer
et al. 2014). Using this technique, an unexpectedly complex
diversity of nerve endings was uncovered in the distal colon,
which showed spinal afferent-innervated multiple anatomical
layers, including the muscle layers, myenteric ganglia, submu-
cosa, submucosal ganglia and mucosa (Spencer et al. 2014).
Anterograde tracing from DRG in vivo has also recently been
used to identify the nerve endings of spinal afferents in the
stomach (Spencer et al. 2016a) and bladder (Spencer et al.
2018). Compared to the colon, there was noticeably less di-
versity in the different types of spinal afferent endings in these
organs (Spencer et al. 2016b). The reasons for this are un-
known. While different morphological types of spinal afferent
endings have been identified in these visceral organs, only
recently has it become clear that single neurons in DRG can
give rise to different morphological types of endings (Spencer
etal. 2020). A recent study showed that single non-peptidergic
DRG neurons could innervate the distal colon and provide

Superimposed

sites of innervation to the myenteric plexus, submucosa and
crypts in the mucosa, while another class of neuron was iden-
tified that was peptidergic and innervated the circular muscle,
myenteric plexus and submucosa (Spencer et al. 2020).

The aim of the study is to identify novel populations of nerve
endings arising from single colorectal-projecting DRG neurons.
To do this, we injected minute quantities of neuronal tracer
unilaterally into single DRG at either L6 or S1, to minimize
the number of axons labelled. Using this approach, we were
able to identify in a small cohort of animals (about 7% of
animals) the location and morphological types of nerve endings
that emanated from a single spinal afferent axon innervating the
distal colon. Here, we reveal a single population of a peptidergic
colorectal-projecting afferent axon that can be described as a
“myenteric-muscular” ending. This type of nerve ending is po-
tentially capable of detecting and transmitting sensory stimuli
from both the circular muscle and myenteric ganglia at the same
time to the central nervous system (CNS).

Methods

Mice of the C57BL/6 strain (3060 days old) obtained from the
College of Medicine and Public Health Animal Facility (Flinders
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Fig. 3 Characteristics of intramuscular spinal afferent endings in the
circular muscle. a shows a single axon that bifurcates into the circular
muscle encompassing a spatial field of approximately 800 um in the
rostro-caudal axis and 700 pwm in the circumferential axis. Numerous fine
varicose endings run both parallel to the alignment of the circular muscle

University of South Australia) were anaesthetised by isoflurane
inhalation and an incision along the dorsal surface was made
approximately 10 mm in the rostro-caudal axis. Lumbosacral
(L6 or S1) DRG were exposed unilaterally and biotinylated dex-
tran biotin (10-20%; Cat #D1956; Molecular Probes, Eugene,
OR, USA) was injected (~ 50 nL) using glass micropipettes (in-
ner diameter ~5 um; Cat #TW150-4; World Precision
Instruments, Sarasota, FL, USA). Micropipettes were advanced
into L6 or SI DRG using a micromanipulator (#M-4001002;
Narishige, Setagaya-ku, Tokyo, Japan). Each DRG was injected
using a custom-made nitrogen-driven spritz system (Biomedical
Engineering, Flinders University of South Australia) that applied
pulses of nitrogen to the pipette for 1 s duration at 0.3 Hz, 10—
15 psi, for periods of 5-10 min. Following injection of DRGs,
the skeletal muscle adjacent to the vertebral column was sutured,
then the skin closed using 7-mm wound clips (Cat #12032-07;
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cells and some axons lie in the rostro-caudal axis. In panel a, the region
indicated by the arrow b is shown in expanded scale in b. The region
indicated in ¢ is shown in expanded scale in ¢ and f. Panel d shows an
expanded scale of region labelled d in panel a. Panel e shows expanded
scale of region e in panel a

Fine Science Tools, North Vancouver, British Columbia,
Canada). Animals were given a period of 7 days to recover, at
which point they were euthanized by isoflurane overdose. A
midline laparotomy was made and the full-length colon cut along
the mesentery, then pinned mucosal side uppermost, as a sheet
preparation, in phosphate-buffered saline (PBS). The whole co-
lon preparation was then fixed for 4-6 h in 4% paraformalde-
hyde. Preparations were then washed in dimethyl sulfoxide
(DMSO) for 3 x 10-min washes, immersed for 3 h in Cy3-
conjugated Streptavidin (1:400 dilution from neat; Cat #016-
160-084; Jackson ImmunoResearch Laboratories Inc., West
Grove, PA, USA), then incubated in primary antibody (rabbit
anti-CGRP; 1:2000 dilution from neat; Cat #1-4032; Peninsula
Laboratories International Inc., San Carlos, CA, USA) for 2 days.
The whole colon was then washed (3 x 10 min in PBS) followed
by incubation in secondary antibody (donkey anti-rabbit Cy5;
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Fig. 4 Multiple branching-type
intramuscular endings in the cir-
cular muscle originate from a
single parent axon. a shows the
groups of intramuscular endings
in the circular muscle from a sin-
gle axon. b shows the branching-
type endings run parallel to the
circular muscle (expanded from
the region indicated b in panel a).
¢ shows an expanded segment
from the region indicated by ar-
row c in panel a

Cat #711-175-152; Jackson ImmunoResearch Laboratories Inc.,
West Grove, PA, USA) at 1:200 dilution (from neat) for 2 h.
Preparations were then washed again (3 x 10 min in PBS) and
mounted, serosal side uppermost, on glass slides. Slides were
viewed with an Olympus IX71 epifluorescent microscope
(Shinjuku-ku, Tokyo, Japan) using appropriate laser wavelengths
and images captured with a CoolSNAP™ camera (Roper
Scientific, Tucson, AZ, USA) and AnalySIS Image 5.0 computer
software (Olympus-SIS, Miinster, Germany). The characteristics
of spinal afferent endings, including their axons, were analysed
using Image J software (National Institutes of Health, Bethesda,
MD, USA). The use of “n” in Table 1 and the “Results” refers to
the number of observations that were made and “N” refers to the
number of animals that were studied. All procedures were ap-
proved by the Animal Welfare Committee of Flinders University
of South Australia (approvals #784/11 and #861/13) and were
performed in strict accordance with the National Health and
Medical Research Council NH&MRC) Australian code for the
care and use of animals for scientific purposes (eighth edition,
2013) and recommendations from the NH&MRC Guidelines to
promote the wellbeing of animals used for scientific purposes
(2008).

Classification of different morphological types
of spinal afferent nerve ending

The different morphological types of endings were classified
according to the same scheme that was described in Spencer
et al. (2014). In brief, “simple-type” endings were readily

100pum

identified by having single unbranched terminating axons, or
single axons that branched into single axons. “Branching-
type” endings comprise multiple branching axons that lay par-
allel to one another in a circumferential axis around the colon.
In a myenteric ganglion, intraganglionic varicose endings
(IGVESs) consisted of axons that ramified around neurons
within any given myenteric ganglion and had varicose termi-
nal endings.

Results

In 81 mice, ~50 nL of dextran biotin was injected into
single DRG (either L6 or S1 unilateral) and mice allowed
to recover post-surgery for 7 days. When whole colons
were visualized after fixation and staining, the vast major-
ity of preparations showed multiple anterogradely labelled
axons and endings in the distal colon that entered from
different locations and hence arose from multiple different
neurons in DRG. However, in only six of the total cohort of
mice studied was it possible to identify single spinal affer-
ent axons entering the distal colon and follow the full
course of these axons to their nerve endings without inter-
ference from other labelled neighbouring axons in the field
of view. Hence, we describe here the characteristics of at
least one class of a peptidergic colorectal-projecting DRG
sensory axon that innervates the terminal ~20 mm of distal
colon and innervates both the circular muscle layer and the
myenteric plexus.
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Fig. 5 Nerve endings in the circular muscle and myenteric ganglion that
arise from a single colorectal projecting peptidergic spinal afferent neuron
with cell body in L6 or S1 DRG. a shows a single axon that traverses
about 3.5 mm caudally after entering the colon. There are three discrete
intramuscular branching-type endings in the circular muscle that arise
from this parent axon, indicated by arrows b and c. The regions indicated

Single axons with branching-type nerve endings
in the circular muscle layer

After entering the colon, single axons were found to ramify
through many rows of myenteric ganglia and give off collateral
bifurcations into neighbouring myenteric ganglia (Figs.1, 2).
In myenteric ganglia, the nerve endings were varicose in
nature and these have been described previously as IGVEs
(Fig. 2a) (Spencer et al. 2014). Interestingly, the single
spinal afferent axons that gave rise to the IGVEs also gave
rise to another different morphological type of nerve end-
ing in the circular muscle. These endings usually ramified
parallel to the circular muscle (Figs. 1c, d and 2d) and were
previously described as branching-type endings (Spencer
et al. 2014); analogous to the intramuscular arrays de-
scribed for vagal afferent endings in the stomach (Powley
et al. 2016). However, in some animals, not all
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by arrows b and ¢ are shown on expanded scale in panels b and c,
respectively. Panel d shows a higher magnification of part of the image
shown in panel ¢, where the bifurcation occurs. Panel e shows the termi-
nal ending in a myenteric ganglion. This ending is shown in higher mag-
nification in Fig. 7

intramuscular axons ran parallel to the muscle fibres. For
example, in Figs. 1(d) and 3 many of the intramuscular
axons lay orthogonal to the circular muscle layer.

Single spinal afferent axons classified as branching-type
endings in the circular muscle consisted of a mean of 4.5+
2.4 (n=17; N=06) discrete groups of endings (Figs. 4, 5)
(Table 1). Each group of branching-type intramuscular ending
in the circular muscle was separated from other groups of
branching-type endings that arose from the same axon, by a
mean distance of 372 +72 um (n=72; N=6) (Table 1). Each
group of intramuscular branching-type ending in the circular
layer consisted of a mean of 15+ 1.4 axons (n=24; N=6),
where the axon terminal diameter was 1.6 £0.03 um (n=72;
N=06) (Table 1). One unexpected finding of this study was the
rapid changes in diameter of single spinal afferent axons be-
tween their terminal endings and their point of entry (e.g., see
arrow in Fig. 1b, e). The arrow in these figures indicates how
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Fig. 6 Changes in diameter of a single spinal afferent axon as it passes
through rows of myenteric ganglia and has side branches that innervate
the circular muscle. a the axon is approximately 1.6 wm until it reaches
the myenteric ganglion it terminates in, where the axon diameter is
reduced by about half. The box in panel a is shown in expanded scale

dramatically that axon diameter can change at only one bifur-
cation point. In Fig. 6(b), the sudden changes in axon terminal
diameters is apparent. In this example, the parent axon is
1.7 um. This then bifurcates into intramuscular axons in the
circular muscle that vary from 0.9 to 1.4 um (Fig. 6b).

The total mean surface area covered by multiple discrete
intramuscular endings in the circular muscle that all arose
from a single-parent axon was 1240 +240 pm (N = 6) around
the circumferential axis and 1083 +£211 um (N=6) in the
rostro-caudal axis (Figs. 4, 5; Table 1). When analysis was
made of single groups of intramuscular branching-type end-
ings in the circular muscle layer, it was found that they
projected a mean distance of 259+ 59 um in the rosto-
caudal axis and 572 +82 pum circumferentially around the
colon (n=17; N=6). However, we did visualize single axons
that projected around 2.5 mm caudally and only had a maxi-
mum of three groups of intramuscular branched endings (Fig.
5). In three of six animals tested, the single axons that gave

Axon diameter
(1.7um)

Axon diameter
(0.8um)

.

4

in panel b. In b, the parent axon that runs along the myenteric ganglia is
up to approximately twice the diameter as the fine varicose—branched
endings in the circular muscle layer. This shows that axon terminal diam-
eters are inconsistent and change rapidly as axons bifurcate

rise to branching-type endings in the circular muscle and
IGVEs in myenteric ganglia were found to be CGRP-
immunoreactive (Figs. 2, 7).

Discussion

In this study, we identified the nerve endings that arise from
single spinal afferent neurons in DRG that innervate the distal
colon of mice. In only ~7% of animals injected with dextran
biotin into single-DRG was it possible to follow the course of
a single axon in the distal colon to its endings, without visual
interference from other labelled axons (from other neurons).
In this small cohort of animals, we had the unique opportunity
to characterize the trajectory of single peptidergic axons after
their entry site in the distal colon and determine the location
and morphologies of the nerve endings. A major observation
of this study is the identification that single peptidergic spinal
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Fig. 7 CGRP immunoreactivity
of the myenteric endings of
colorectal-projecting spinal affer-
ents that are shown in Fig. 5(e). a
shows the myenteric varicose
nerve ending that originates from
a single axon in Fig. 5(a). This
single axon enters the myenteric
ganglion and branches in fine
varicose terminals. b shows the
CGRP immunoreactivity of the
image in panel a. The single vari-
cosities indicated by arrows in
panel ai are shown also by the ar-
rows in bi. This comparison re-
veals these varicosities are CGRP
immunoreactive. ¢ shows a
superimposed image of panels a
and b. ci shows a superimposed
image of panels ai and bi

Anterograde

afferent neurons that enter the distal colon can give rise to
axons that innervate the myenteric ganglia and circular mus-
cle, with two different morphological types of endings (Fig.
8). This is the first time that a single sensory neuron in DRG
has been shown to innervate the myenteric ganglia and the
circular muscle layer, without any other detectable collateral

QVVC)u
SMG OOA% e O Q

Fig. 8 Diagrammatic representation of the location of spinal afferent
nerve endings innervating the mouse distal colon that arises from one
major class of peptidergic colon-projecting DRG neuron. The findings
of'this study reveal one major class of peptidergic sensory neuron that was
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endings. Whether multiple types of peptidergic sensory neu-
rons in DRG (i.e., different sizes and neurochemical classes)
can also give rise to the single peptidergic axons identified
here that give off the same types of nerve endings (i.c.,
myenteric ganglia and circular muscle) remains unknown.
There is evidence that spinal afferent neurons can exert an

DRG

CGRP+

found to innervate the myenteric ganglia (MG) and circular muscle (CM).
SC, spinal cord; DRG, dorsal root ganglia, LM: longitudinal muscle;
SMG, submucosal ganglia; SM, submucosa; M, mucosa
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efferent function in visceral organs (Bartho et al. 2008). It is
possible that in addition to serving an afferent function, some
of the nerve endings of spinal afferents identified here in the
myenteric ganglia or circular muscle could exert an efferent
role.

The current study confirms earlier reports that branching-type
intramuscular endings exist in the circular muscle of mouse colon
(Kyloh and Spencer 2014; Spencer et al. 2014). The findings
here also reveal that a single-parent axon can give rise to multiple
branching-type endings in the circular muscle (typically 4-5
groups of branched-type endings) that were separated in the
rostro-caudal axis by ~370 pm. Each branching-type ending
consisted of a single-parent axon that branched into a mean of
15 axons that ran parallel to the circular muscle fibres around the
circumference of the distal colon. Fine varicosities were common
on their axon terminal endings. The most similar analogy to the
intramuscular circular muscle endings is the intramuscular arrays
that arise from vagal sensory ganglia (Fox et al. 2000; Powley
etal. 2015; Powley and Phillips 2002). It is tempting to speculate
that the functional role of branching-type endings in the mouse
distal colon is to encode low-threshold wide-dynamic range
levels of circumferential stretch (Spencer et al. 2008;
Zagorodnyuk et al. 2011). This is based on the knowledge that
91% of CGRP-immunoreactive rectal afferent axons in the
mouse colorectum express the capsaicin receptor, TRPV1
(Sharrad et al. 2015) and are largely activated by low thresholds
while also being potently activated by capsaicin (Spencer et al.
2008). However, this notion requires further investigation.

A recent anterograde tracing study from DRG in mice identi-
fied that single peptidergic spinal afferent neurons could inner-
vate the distal colon with nerve endings in the circular muscle,
myenteric plexus and submucosa (Spencer et al. 2020). Another
population of non-peptidergic neurons innervated the mucosal
crypts, myenteric ganglia and submucosa (Spencer et al. 2020).
How the function of these neurons differs from those identified
here in the current study remains unclear. Other studies have
shown from direct intracellular electrophysiological recordings
from peptidergic spinal afferent neurons (in DRG) that innervate
the mouse distal colon have different firing properties in response
to colorectal distension (Hibberd et al. 2016). It is known that a
large population of peptideric spinal afferent neurons that project
to the distal colon are low threshold, wide dynamic range
mechanosensory afferents (Hibberd et al. 2016).

Characteristics of single spinal afferent neurons
with nerve endings in the circular muscle
and myenteric ganglia

A notable feature of spinal afferent axons was that they lacked
varicosities as they entered the colon. Once they passed through
the serosal layer, single axons commonly weaved through rows
of myenteric ganglia, at which point they usually developed
varicosities. As these axons passed through many rows of

myenteric ganglia, they showed little circumferential displace-
ment. In some cases, these axons had terminal endings in
myenteric ganglia that were varicose, known as IGVEs
(Spencer et al. 2014). These axons then bifurcated and devel-
oped, as mentioned, an average of 4-5 branching type endings
in the circular muscle. Many branching-type endings ran parallel
to the circular muscle, while others did not. Why there are incon-
sistencies in the axon projections is unclear—perhaps these
axons respond to elongation and circumferential length.

Characteristics of spinal afferent axons in the colon

A surprising observation of this study was the sudden changes
in axon terminal diameters, as axons bifurcated. For example,
in Figs. 1(b,e) and 6(b), there are major reductions in axon
diameter as axons branch into the circular muscle layer. It is
unclear why the diameters of spinal afferents changed so rap-
idly. If the conduction velocity in these regions is directly
proportion to axon diameter, then one would expect action
potential velocities to be much slower near the sites of sensory
transduction, then speed up considerably as they enter the
dorsal horn of the spinal cord.

Conclusion

The current study shows that a population of peptidergic spi-
nal afferent neurons that innervates the mouse distal colon
have single axons that bifurcate many times, giving off vari-
cose endings in myenteric ganglia (IGVE) and a different
morphological type of ending (intramuscular branching-type
ending) in the circular muscle. In this regard, we consider this
type of spinal afferent to be a “myenteric-muscular” ending.
The sensory stimuli these types of endings respond to await
further investigation.
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